Phosphoantigens stimulate Vγ9Vδ2 T cells after binding to BTN3A1 in target cells and cell-cell contact. We evaluated phosphoantigens including diphosphates, bisphosphonates, and prodrugs for ability to induce leukemia cells to stimulate Vγ9Vδ2 T cell interferon-γ secretion. Most compounds displayed time-dependent activity at exposure times between 15 and 240 min. Potency (EC 50 values) ranged between 8.4 nM and > 100 µM. The diphosphate C-HMBPP displayed a shallow dose-response slope (Hill slope = 0.71), while the bisphosphonate slopes were steep (Hill slopes > 2), and the prodrugs intermediate. The bis-acyloxyalkyl POM 2 -C-HMBP showed low nanomolar potency even at an exposure time of 1 min. Mixed aryl-POM prodrugs also retained excellent potency at 15 min, while aryl-amidates were time dependent below 240 min. The sum of the dose and time logarithms is often constant, while a power law function fits most compounds. Collectively, these findings illustrate the exquisite activity of prodrugs relative to diphosphates and bisphosphonates.
Introduction
T cells expressing the Vγ9Vδ2 T cell receptor are prevalent in mucosa [1] and are the main population of γδ T cells in fetal [2] and adult [3] blood. These cells contribute to the immune response to pathogens [4] including Mycobacterium tuberculosis [5] . In contrast to traditional T cells that detect peptides, this non-traditional T cell population detects small diphosphates, known as phosphoantigens, produced by pathogens independent of the major histocompatibility complex. Because Vγ9Vδ2 T cells also detect endogenous diphosphates, this cell type may also be involved in non-infectious diseases including cancer [6] .
Natural phosphoantigens are intermediates of isoprenoid biosynthesis [7, 8] . These small and negatively charged diphosphates, such as (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP) and isopentenyl diphosphate (IPP), bind to the intracellular domain of a transmembrane immunoglobulin known as butyrophilin 3A1 (BTN3A1) [9] [10] [11] [12] [13] [14] [15] . Binding to BTN3A1 induces a change to the conformation of the protein [9, 13, 16, 17] , which can be detected extracellularly by cells expressing the Vγ9Vδ2 T cell receptor (excellently reviewed in [18] ). Once activated, these T cells perform a variety of effector functions [19] .
Several groups are interested in potential clinical application of phosphoantigens, with one compound reaching clinical trials [20] . However, the charge of the natural diphosphates is a barrier to cellular uptake. Our approach has been to develop a library of novel phosphoantigen prodrugs as potential anti-cancer therapies [9, [21] [22] [23] . The prodrugs enhance uptake into cancer cells through utilization of bioactivatable, charge-neutral, phosphorus protecting groups [24] . Cells loaded with phosphoantigens then become targeted for destruction by the cytolytic activity of Vγ9Vδ2 T cells, as well as stimulate the Vγ9Vδ2 T cells to proliferate and to produce cytokines. These activities reduce viability and proliferation of the cancerous cells.
This prodrug approach has been also useful in understanding mechanisms underlying Vγ9Vδ2 T cell activation. Prodrugs illustrated a role for internalization in the activity of phosphoantigens [25] , and helped to develop the model of intracellular binding to BTN3A1 [9, 16] . Our library, which consists of a variety of prodrugs can provide a basis for understanding the uptake kinetics which may be of relevance to prodrug design not only of phosphoantigens but also of other drug candidates containing phosphorus. Here, we examine the relationship between cellular potency and uptake of phosphoantigens and their prodrugs. We specifically hypothesized that both phosphoantigen dose and cellular exposure time are critical to determining the potency and efficacy of the Vγ9Vδ2 T cell interferon response. 
Materials and methods

Reagents
RPMI-1640, FBS, non-essential amino acids, pyruvate, penicillin streptomycin, HEPES, 2-mercaptoethanol, and lymphoprep were from Thermo Fisher Scientific (Pittsburgh, PA). IL-2 and the MACS γδ T cell negative selection kit were from Miltenyi Biotec (Bergisch Gladbach, Germany). K562 cells were from Sigma-Aldrich (St. Louis, MO) while Research Blood Components (Boston, MA) supplied blood. The original passage number of the K562 cells is unknown, and K562 cells were maintained in suspension culture for no more than 3 months before thawing a new vial. Human interferon-γ ELISA MAX deluxe kit was from Biolegend (San Diego, CA).
Test compounds
HMBPP (1) and C-HMBPP (2) were purchased from Echelon Biosciences (Salt Lake City, UT). Zoledronate (3) and risedronate (4) were purchased from Thermo Fisher Scientific. Compounds 5 and 6 [9] , compound 7 [23] , compound 8 [21] , compounds 9 and 10 [22] , and compounds 11-14 [26] were synthesized as previously described.
Vγ9Vδ2 T cells
PBMCs from healthy donors were isolated from heparinized buffy coat using Lymphoprep. PBMCs were resuspended at 2-4 × 10 6 cells/ mL in fresh T cell media (RPMI-1640, 10% heat-inactivated FBS, 1× HEPES, pyruvate, NEAA, and 2-mercaptoethanol). Cells were stimulated with 10 nM HMBPP for 72 h and cultured for another 11 days. Fresh IL-2 (5 ng/mL) was provided every 3 days. After 12-14 days, Vγ9Vδ2 T cells were purified by negative selection.
Interferon-γ ELISA
K562 cells were cultured in T cell media and maintained below 1 × 10 6 cells per mL. K562 cells were suspended in media and were treated with test compounds. K562 cells were washed twice in experiments involving prodrugs or bisphosphonates and five times in experiments involving HMBPP or C-HMBPP. The wash steps were performed in 0.2 mL tubes with ∼150 µL media, spun for 20 s in a benchtop centrifuge with strip tube adaptor, and the media was aspirated from the cell pellet. We expected HMBPP and C-HMBPP to require more wash steps due to their potency, shallow slope, and slow uptake, and prior experiments determined five wash steps were sufficient to reduce activity of HMBPP in BTN3A1 knockout cells to background [16] . A pilot experiment with varied wash numbers showed that more than two wash steps was not necessary for bisphosphonates and prodrugs. Twenty µL of the washed cells were diluted into T cells at a ratio of 3:1 (T cells: K562 cells) in 200 μL in duplicate, resulting in 4000 K562 cells and 12,000 effector T cells per well. Mixtures were incubated for 20 h, following which interferon-γ was assessed by ELISA. Experimental values fell within the range of a standard curve. Concentrations in dose response experiments were determined in an initial range finding experiment, and chosen to cover the range from zero effect to maximal effect when possible.
Statistics
Experiments were performed at least three times using at least two donors. Graphs were constructed and data analyzed using GraphPad Prism 6. Dose response curves were analyzed using a log (agonist) versus response -variable slope (four parameters) model in which the top, bottom, and Hill slope parameters were assigned as shared values within each compound. EC 50 values for each time point were calculated, and the EC 50 with 95% confidence intervals, the Hill slope, and R 2 values reported in Table 1 . Log EC 50 values for each compound and time point were plotted on the X-axis versus log t on the Y-axis (log time for 50% interferon-γ response). Power constants (k 1 ) were calculated according to the formula k 1 = log t + α log C where C is the concentration (µM) and t the incubation time (min), and both α and k were variables. The fit (R 2 ) was assessed for each compound. Additive constants (k 2 ) were calculated using α = 1 to solve for an initial k 2 value for each compound, then the fit (R 2 ) was assessed using the calculated k 2 value and α = 1 [27] .
Results
POM 2 -C-HMBP stimulates Vγ9Vδ2 T cell interferon-γ
We compared three classes of phosphoantigens ( Fig. 1) for their ability to stimulate Vγ9Vδ2 T cells ( Fig. 2A) . HMBPP (1) is the most potent natural phosphoantigen (72 h PBMC expansion EC 50 = 0.50 nM [9] ) and is the prototypical agonist [7] . Zoledronate (3) (72 h PBMC expansion EC 50 = 900 nM) is a bisphosphonate which acts indirectly by inhibiting the enzyme farnesyl diphosphate synthase (FDPS) and increasing cellular prenyl diphosphates [28] . POM 2 -C-HMBP (5) (72 h expansion EC 50 = 5.4 nM [9] ) is a prodrug that delivers the phosphoantigen intracellularly [9] . Charged zoledronate and HMBPP are internalized via energy dependent uptake mechanisms [25, 29] , while both POM 2 -C-HMBP and zoledronate are dependent upon cellular enzymes for activity (Fig. 2B) .
Compounds were tested for their ability to promote a Vγ9Vδ2 T cell response to pre-treated K562 cells. Because both cell types in this coculture express BTN3A1, we pre-loaded and washed the K562 cells prior to exposure to the T cells ( Fig. 2A) . In this way, the T cells are activated only if the K562 loading results in detectable changes to cell surface BTN3A1. We tested HMBPP, zoledronate, and POM 2 -C-HMBP for their ability to promote interferon-γ, the predominant Vγ9Vδ2 T cell cytokine. K562 cells were treated for 60 min at 1 µM, washed, and exposed to purified primary Vγ9Vδ2 T cells for 20 h (Fig. 2C) . No measurable effect of zoledronate was observed, while HMBPP treatment induced a mild response. In contrast, POM 2 -C-HMBP promoted high interferon-γ production. Therefore, under conditions of limited uptake, POM 2 -C-HMBP but not HMBPP or zoledronate markedly promotes Vγ9Vδ2 T cell interferon-γ production. This is in contrast to the 72 h proliferation assay, in which HMBPP is approximately ten fold more potent than POM 2 -C-HMBP [9] , and zoledronate is active at high nanomolar concentrations.
Rapid activity of phosphoantigen prodrugs relative to bisphosphonates and diphosphates
To further assess zoledronate (3) and risedronate (4), we performed dose response experiments (Fig. 3A/B) . Importantly, the curves were generated at varying times -15, 60, or 240 min. The EC 50 values are presented in Table 1 , and were in the mid-micromolar range. The potency of zoledronate and risedronate was similar, as expected due to their similar inhibition of FDPS [30] . Both compounds showed relatively large differences (greater than 3-4 fold) in potency depending on the exposure time, indicative of slow uptake, and perhaps longer times are needed to reach intracellular levels needed for FDPS inhibition and accumulation of IPP. The dose response slope (Hill Slope) of both compounds was steep (≥2).
We next assessed POM 2 -C-HMBP (Fig. 3C) . We found less than 2 fold difference between the EC 50 values at 15 and 240 min. POM 2 -C-HMBP (5) is more potent than zoledronate (3), while the time dependency of POM 2 -C-HMBP is lower. We repeated the experiment using shorter incubation times (Fig. 3D) , where the differences between the time points were more pronounced, though POM 2 -C-HMBP achieved an EC 50 of 110 nM with only 1 min of exposure, indicative of rapid cellular activation.
HMBPP (1) and the closely related C-HMBPP (2) require energy dependent cellular uptake, and despite their high potency during long exposures, are less active during short exposures [25] . To more fully characterize this phenomenon, we applied our assay conditions to HMBPP. Due to the difference in HMBPP potency between short and long exposure times, excessive washing is required to minimize the effect of residual HMBPP. Previously we noted that 5 wash steps was sufficient to reduce HMBPP treated BTN-deficient cells to background [16] . Here we treated K562 cells with HMBPP at the indicated doses and times, washed 5 times, and characterized (Fig. 3E) . Notably, despite its potency, HMBPP was unable to maximally activate K562 cells in the four hour timeframe. No time dependency was observed with HMBPP in these assays, supporting the idea put forth by others that it can be pulsed into cells [31] , though interpretation is complicated by inability to reach a maximal effect. Compound 5, used as a positive control at 1 µM for 60 min, still retained maximal activity despite additional washing. In contrast, C-HMBPP did plateau (Fig. 3F) , indicating 2 . K562 cells pre-loaded with a phosphoantigen prodrug stimulate Vγ9Vδ2 T cell interferon-γ production more potently than a natural BTN3A1 ligand or a bisphosphonate drug. A) Timeline for compound exposure to target cells and target cell exposure to effector Vγ9Vδ2 T cells. B) Compounds in this study act as either direct BTN3A1 ligands, prodrugs requiring cellular metabolic activation, or indirect bisphosphonates (BPs) which require FDPS inhibition. C) Stimulation of Vγ9Vδ2 T cell interferon-γ by K562 cells pre-exposed to compounds for equivalent time (60 min) and concentration (1 µM). Bars represent means and standard deviations of three independent experiments (n = 3). Statistical significance was determined by one-way ANOVA with Tukey's posthoc analysis. *p < 0.05 versus untreated control. the inability of HMBPP to plateau was related to the cellular instability of the diphosphate. C-HMBPP displayed a shallow Hill slope, similar as HMBPP in other assays [21] , and a high time dependency.
We next assessed mono-acyloxyalkyl-mono-methyl prodrugs. The methyl group is thought to reduce charge and enable cell permeability, but to be metabolically stable, allowing assessment of the impact of a single acyloxyalkyl protecting group. Relative to compound 5, compound 6 [9] displayed both reduced potency and increased time dependency, while compound 7 [23] displayed similar potency and time dependency to compound 6 ( Table 1 ). The tris-POM prodrug 8 [21] showed similar time dependency as compound 5, though the potency of 8 was lower than 5 ( Table 1) . Taken together, prodrugs containing entirely two or three pivaloyloxymethyl groups can be rapidly activated, but the presence of a single methyl protecting group reduces both potency and speed of activation.
Comparison of mixed aryl-POM and aryl-amidate prodrugs
Recently, there has been much excitement about aryl-amidates, in part due to the clinical success of sofosbuvir [32] . We reported a series of novel aryl-POM prodrugs [22] and a series of aryl-amide prodrugs [26] . Three of the aryl-POM prodrugs (9-11) were evaluated ( Fig. 4A / B/C). Much like the bis-and tris-POM prodrugs, the aryl-POM prodrugs 9-11 display excellent potency (4 h EC 50 values between 8.4 nM and 18 nM) and rapid cell activation (only 3 fold difference between the 15 min and 240 min exposures). Similarly, the aryl-amidate prodrugs 12-14 also displayed excellent potency after four hours of K562 cell exposure (Fig. 4D/E/F) , with EC 50 values between 20 and 56 nM.
However, their activation rate is slower than the aryl-POM or bis-/tris-POM compounds, with over a 13 fold difference between the 15 min and 240 min exposures. The slopes of all six compounds 9-14 were slightly below 1, ranging from 0.83 to 1.0 (Table 1) .
Phosphoantigens and their prodrugs display similar maximal activation
Thirteen of the fourteen compounds tested (all but HMBPP) reached maximal activity following 4 h of exposure, as determined both by a plateau at the high end of the dose response curve as well as never exceeding the activity of POM 2 -C-HMBP (5). To directly assess whether any of the compounds or prodrugs differed in maximal efficacy, we picked maximal concentrations of each compound based on the dose response curves at 4 hours, and tested them side-by-side against Vγ9Vδ2 T cells from the same three donors. No statistically-significant differences were observed between compounds 2-8 (Fig. 5A) . A second round of testing again showed no statistically-significant differences between compounds 5 and 9-14 (Fig. 5B) . Together, none of the phosphoantigens tested differed in their maximal effect, nor did any of the prodrugs.
Although our experiments were not designed to assess donor variability, some differences were noted. Occasionally PBMCs failed to expand with HMBPP. However, we cannot determine that this is due to lack of HMBPP sensitivity instead of a lower initial frequency of Vγ9Vδ2 T cells or another factor. All donors that were expandable responded quite similarly upon exposure to the loaded K562 cells, with maximal stimulation typically around 3000 pg/mL independent of donor.
Relationship between potency and activation kinetics
There is a clear relationship between cellular potency and time of exposure to compounds, which varies between direct BTN3A1 ligands and indirect acting compounds, between charged compounds and prodrugs, and even between different prodrugs. We were curious to see whether there was a constant relationship between the concentration C and exposure time t. Excluding HMBPP, which did not reach a maximal effect, we assessed the concentration required at each time to reach 50% of the maximal interferon-γ response. All of the compounds fit well to a simple power law function log t + α log C = k 1 (average R 2 = 0.96) (Table 1) . Surprisingly, over half (7/13) of the compounds fit the more straightforward log t + log C = k 2 relationship with R 2 values above 0.90, and the average R 2 for the entire set was 0.80. Representative plots for zoledronate (3) and compound 13 are shown (Fig. 5C/D) . Taken together, the half-maximal phosphoantigen response can be readily calculated as a function of both concentration and exposure time. Notably, the two highest k values were observed with the bisphosphonates, zoledronate (3) and risedronate (4) (k 2 = 3.6 and 4.1, respectively). Likewise, C-HMBPP (2) displayed a k 2 = 2.1. In contrast, POM 2 -C-HMBP 5 displayed a lower k 2 = 0.28. When both dose and time are taken into account, the activity is ∼4 log units stronger than that of the bisphosphonates and ∼2 log units stronger than C-HMBPP. The mixed aryl-POM compounds were similarly active, including the most active compound (9), while the aryl-amidates display intermediate activity. Because potency is dependent upon exposure time, comparison of these constants is a better approach than simple comparisons of EC 50 values, with the lower values representing more efficient activation.
Discussion
The findings of our study are relevant to the pre-clinical development of phosphoantigens. The metabolically stable bisphosphonate drugs have been proposed as an alternative strategy for activation of Vγ9Vδ2 T cells [33] , and their activity correlates with FDPS inhibition Fig. 3 . Dose-and time-dependent activation of Vγ9Vδ2 T cells by bisphosphonates, diphosphates and phosphoantigen POM 2 -C-HMBP. Interferon-γ response of Vγ9Vδ2 T cells after K562 cell exposure to compounds for varied time points. [28] . These studies were performed at a single time point of sixteen hours with continuous bisphosphonate exposure. However, bisphosphonates also cause cellular toxicity related to inhibition of FDPS. Additionally, bisphosphonates display rapid bone sequestration in vivo [34] , further complicating their use as phosphoantigens. The pulse bisphosphonate approach has been proposed to minimize the toxicity [33] , and indeed in our hands pulsing with bisphosphonate appears to be a better option than pulsing with diphosphate phosphoantigens, because the bisphosphonate pulse can maximally activate the Vγ9Vδ2 T cells even after a short exposure. This does require high bisphosphonate concentration.
The prodrug approach is adventitious relative to both the diphosphate and bisphosphonate phosphoantigens. Compared to the diphosphates, the speed of activation of the prodrugs is much faster, happening in minutes. The prodrugs also take advantage of the enhanced stability of the phosphonate, are active at lower concentrations, and avoid the mechanism-based toxicity and substructure based bone distribution of the bisphosphonate phosphoantigens.
We compared activity of varied prodrugs intended to deliver the same ligand, C-HMBP [35] . Because the ligand is constant, differences are due to metabolism. The bis-POM 5 was among the most active, though it did not fit well to the log-additive model in the range of 15-240 min. The log-additive fit was improved with exposure under 16 min (R 2 of 0.70 versus 0.37). We cannot say if even shorter exposure (< 1 min) would produce a better fit, because the time required to process these samples precludes assays of this duration. The aryl-POM prodrugs 9-11 were similar to the bis-POM compound in this assay. In contrast, the aryl-amidate prodrugs 12-14 were all an order of magnitude less active, though their activity fit much better to the log-additive model (R 2 values all above 0.94). As exposure time increased, both the aryl-POM and aryl-amidate compounds converged to a maximal potency in the low nanomolar range. It is unclear whether the cellular activity gains of the aryl-POM strategy relative to the arylamidate strategy would benefit in vivo applications, though this point merits further study. The Hill slope can be an important measure of drug response related to mechanism [36, 37] . In general, systems with multiple binding sites in which binding of one ligand increases binding of subsequent ligands are considered positively cooperative and demonstrate steep Hill slopes, while those in which binding of one ligand decreases binding of subsequent ligands are considered negatively cooperative and exhibit shallow Hill slopes. We previously identified shallow slopes for HMBPP [21] , and our data here is not inconsistent, though without reaching maximal activity it was not possible to accurately quantify the Hill slope of HMBPP. C-HMBPP also exhibits a shallow slope, while reaching full efficacy. The shallow Hill slope is consistent with a model of negative cooperativity at the cellular level, though it can also result from other factors [21] , and negative cooperativity does not necessarily show up in a Hill slope [36, 38] . BTN3A1 has been suggested to exist as either a heterodimer or homodimer with two ligand binding sites [39] . Therefore, the potential for cooperativity in its activation exists. To assess the potential for cooperativity, we determined the Hill slopes for (Table 1) . In contrast to C-HMBPP, both bisphosphonates showed steep Hill slopes, perhaps suggestive of positive cooperativity related to inhibition of FDPS and accumulation of endogenous prenyl diphosphates. Taken together, under time restricted conditions, we continue to propose that diphosphate phosphoantigens display Hill slopes consistent with negative cooperativity, though further studies directed specifically at phosphoantigen cooperativity would aid in our understanding of this phenomena.
In clinical trials with BrHPP, low plasma stability was reported with the plasma half-life under 10 min [20] . Use of diphosphates such as BrHPP required continuous IV dosing, while in pre-clinical animal studies HMBPP required IM injection [40] . In light of our data, diphosphates also would be expected to be poor drug candidates with respect to their slow internalization and low cellular stability [25, 31] . In fact, despite HMBPP being the natural BTN3A1 ligand [10] , it was not able to induce a maximal response with exposure times below 4 h. In contrast, C-HMBPP, which contains a metabolically stable phosphonate [35] , was able to produce maximal activation, even with only 15 min exposure. From a pre-clinical development standpoint, this data demonstrates a clear advantage of phosphonate containing ligands, which is not obvious in experiments performed with longer exposure times.
Finally, it remains to be determined how phosphoantigens may ultimately find clinical use for cancer therapy. For example, one could imagine them being injected locally into the site of the tumor to encourage activation of Vγ9Vδ2 T cells at a specific location or perhaps even targeted specifically to malignant cells to encourage their attack. Although our current study did not examine the issues of tissue specificity or malignant versus normal specificity, in the long run it may be possible to design varied prodrug forms to achieve cell type specificity in addition to controlling the rate of cellular activation. We did not examine the potential role of immune co-receptors in conferring sensitivity or resistance to various phosphoantigens, though it is possible they may impact the response. Further studies are necessary to fully understand these issues and how the prodrugs may function in an in vivo setting to achieve specificity.
